' INTRODUCTION
Biominerals are hierarchical structures with nanostructured building blocks. 1 A variety of inorganic materials have been applied as model systems to investigate the mechanism of biomineralization and bioinspired crystallization. 2À4 Crystallization of organics can also be suitable as a model system to understand the basic principles of crystallization control starting from the molecular scale. Organic crystals have lower lattice energy compared to inorganic crystals and exhibit a larger variety of possibilities for molecular recognition, such as chirality or dipoleÀdipole interactions, because the building blocks for organics are large molecules instead of small ions, as in inorganic counterparts. Therefore, organics can be better influenced by additives. 5 The ultimate goal of crystallization of organics is the rational design of organic crystals with controllable size, morphology, orientation, polymorph, texture, etc., in an easy and upscalable way.
The Nakanishi group pioneered the reprecipitation method for the preparation of organic nanoparticle dispersions. 6 The precipitation occurs by adding a miscible nonsolvent into the mother liquor. The high supersaturation immediately induces a complex nucleation process, and the following growth process always passes through a nanoparticle dispersion state. 7 Although some as-prepared nanoparticle dispersions lacking stabilizer can be stable for a long period of time, most of them are unstable and bulk crystals are obtained from an Ostwald ripening process. Stabilizers such as surfactants, 8, 9 polyelectrolytes, 10À12 dendrimers, 13 double hydrophilic block copolymers, 14À17 and surfactantÀpolyelectrolyte mixtures 18À21 are usually added to at least temporarily stabilize nanoparticles from recrystallization in dispersions. Even with stabilizers, as-prepared nanoparticles do not exist as isolated particles in many cases. Instead, they selfassemble into hierarchical superstructures. The coupling of nanoparticle formation and subsequent controllable assembly or organization can be considered as one type of nonclassical crystallization. 4, 22, 23 The aggregation of nanoparticles can also pass through a fast self-organization process, resulting in complex superstructures with nanoparticle building blocks. 24 Until now, a general and simple method is missing for the construction of nanoparticle superstructures and for shaping such structures into a desirable morphology at the micro-and macroscale. A promising method for generating complex structures is to form either liquid or amorphous precursors. For example, an amorphous precursor with fluidic character can be generated by the so-called "polymer-induced liquid-precursor" (PILP) process. This synthesis route was put forward by Gower for the crystallization of CaCO 3 in the presence of μg 3 mL À1 amounts of a polyacid (e.g., polyacrylic or polyaspartic acid). 25À27 The advantage of the PILP route is that a PILP phase can transform into crystals with complex shapes if the shape of the precursor is retained upon crystallization (i.e., by a pseudomorphic transformation). 25, 27 The C€ olfen group extended the PILP approach to the precipitation of organics such as amino acids 11 and organic pigments 15 by using oppositely charged polyelectrolytes or copolymers with matching chemical patterns as additives; however, the level of structural variation was not investigated until now in how far these structures could be varied 16, 28 Herein, we provide a systematic investigation for the preparation of DL-glutamic acid (DL-Glu) macroporous microspheres with branched polyethyleneimine (PEI) as an additive to promote the PILP route of crystallization. The experiments were performed by mixing DL-GluÀPEI aqueous solution with an alcohol, which is a nonsolvent to DL-Glu. A series of parameters, such as the concentrations of DL-Glu and PEI, the alcohol/ aqueous solution volume ratio, temperature, the pH value, and the type of alcohol were tuned to optimize the procedure for the preparation of pure microspheres. Finally, the method was extended to the preparation of chiral amino acid microspheres. ; acrylic resin 47 wt %, sodium polyacrylate 16 wt %, water 37 wt %; pH = 2.2À3.0) was purchased from Acros Organics. Double distilled water was used for the preparation of samples in aqueous solutions. Ethanol, methanol, isopropanol, and npropanol were obtained from Merck. All chemicals were used directly without any further purification.
A series of aqueous solutions containing a quantity of DL-Glu (L-Glu or D-Glu) and PEI was prepared at 60°C or RT. The solvent was pure water, 1 M NaOH aqueous solution, or 0.5 M H 2 SO 4 aqueous solution. The above aqueous solution was stirred for 24 h before it was quickly charged into alcoholic solution at various volume ratios by using a micropipet. After being shaken by hand for a few seconds, the mixture was then kept quiescent for 48 h at RT for the completion of precipitation. Finally, the precipitates were rinsed with ethanol three times to remove the unbound PEI completely. A series of aqueous solutions containing a quantity of L-His (L-Lys 3 HCl) and PAA was prepared with water as solvent at RT. The following steps were the same as in the DL-Glu precipitation procedure.
Optical microscopy images were taken with a Leica DMRB microscope. SEM and TEM measurements were performed on an LEO 1550 GEMINI and EM 912 Omega, respectively. X-ray diffractograms were recorded on a Bruker D8 advance diffractometer. Nitrogen sorption measurements were performed at 77 K using a Quadrasorb instrument from Quantachrome Instruments. The turbidity measurement was performed with a UVÀvis spectrophotometer (Varian Cary 50) with a light wavelength 500 nm.
' RESULTS Parameter Optimization for Obtaining Pure Microspheres. It is known that DL-Glu precipitates directly into sheetlike structures if the mother liquor is mixed with ethanol (EtOH). 29 However, adding PEI (branched, average M w = 800 g 3 mol
À1
) to an aqueous solution of DL-Glu induces a complex phase behavior of the quaternary DL-Glu/PEI/water/EtOH system. 30 With the reaction parameters shown in Figure 1A , the precipitation of DL-Glu usually resulted in two morphologies: single crystalline sheets and microspheres ( Figure 1A ). As microspheres were the only product attributed to the PILP route, 11 various parameters have been investigated to optimize the procedure for the selective preparation of pure microspheres ( Figure 1B ). The standard system investigated is a quaternary (DL-Glu)/PEI/water/EtOH (methanol, isopropanol, or n-propanol) system. The influence of important parameters such as [DL-Glu], [EI] (we use the concentration of the repeating structural unit ethylene imine (EI) instead of PEI for a better understanding of the molar ratios between DL-Glu and PEI additive), pH value, the volume ratio of EtOH and DL-GluÀPEI aqueous solution (V Et /V Aq) , and temperature will be discussed in the following paragraphs. The effect of the solute composition was investigated first. A series of experiments was performed by mixing DL-Glu-PEI aqueous solution with EtOH at 60°C (V Et /V Aq = 9, pH = 3.6). Afterward, the reaction system was cooled down to RT and remained to react at RT for at least 24 h. The compositions of the quaternary mixtures investigated are summarized in Figure 1B . Pure microspheres were prepared when the value of the [DL-Glu]/[EI] molar ratio was between 2.5/1 and 5/1 and by using nearly saturated or supersaturated Glu-PEI aqueous solutions; otherwise, a mixture of microspheres and single crystalline sheets was obtained. In addition, increasing the solubility of DLGlu by increasing the temperature to 60°C was also an advantageous factor for the preparation of microspheres in large quantities. Indeed, only a mixture of single crystalline sheets and microspheres was obtained when the mixing procedure was performed at RT.
Altering the pH of the DL-GluÀPEI solution to a value of 0.5 also increased the DL-Glu solubility, which was even more effective for the production of microspheres than the temperature increase. The results are summarized in Tables s1 and s2 . Switching the pH value to the basic range (13 for example) could also increase the solubility of DL-Glu. However, only single crystalline sheets were obtained under this condition because this pH was above the pK a value of PEI (pK a = 10.2), which is no longer protonated under these conditions.
The polarity of the solvent in the quaternary mixtures is a key parameter for controlling the driving force of precipitation. It can be tuned by changing the length of the alkane groups of the alcohol as well as the volume ratio of alcohol and DL-GluÀPEI aqueous solution. First, if isopropanol and n-propanol were used for the preparation of microspheres, only single crystalline sheets were obtained ([DL-Glu] = 0.14 mol 3 L À1 , [EI] = 0.05 mol 3 L À1 , V alcohol /V aq = 9, pH = 3.6, 60°C). Both alcohols are more hydrophobic as compared to EtOH, due to their longer alkane chains. Therefore, both of them can increase the kinetics of direct Glu precipitation instead of the PILP formation. Pure microspheres were obtained by using methanol as a nonsolvent (
, V MeOH /V aq = 9, pH = 3.6, 60°C). However, only a small quantity of DL-Glu microspheres was obtained due to the high polarity of methanol. Therefore, the driving force of DL-Glu precipitation in the methanolÀwater mixture was not as strong as that in the EtOHÀwater system. Next, various values of V Et /V aq at 5, 7, 9, and 11 were tested for the preparation of microspheres in the EtOHÀwater system. Pure microspheres were only obtainable when the values of V Et /V Aq were at 11 and 9; otherwise, a mixture of microspheres and single crystalline sheets was obtained. Thus, the mixture at V Et /V aq = 9 was used for the preparation of microspheres thereafter.
Several additional parameters were tested. First, a series of PEI samples with various average M w values at 800, 1300, 2000, and 750 000 g 3 mol À1 was used for the preparation of microspheres. All as-prepared microspheres were similar in morphology. The result implies that only the charge density of the polyelectrolyte is important rather than the chain length. Our observation is different from that in inorganic crystallization systems, where it was found that the molecular weight of polymeric additives affects the as-prepared crystal morphology. 31, 32 In addition, quiescent conditions, without stirring, were preferential for the preparation of microspheres. In a standard experiment, the quaternary mixture was left quiescent after an initial hand shaking of the reaction vessel for homogeneous mixing. Otherwise, stirring caused the formation of gluelike precipitates that adhered to the vessel wall. Furthermore, complex formation between DL-Glu and PEI in the aqueous solution is the prerequisite for the formation of microspheres. A control experiment was performed by mixing DL-Glu solution with the alcoholic solution of PEI, which resulted in single crystalline sheets.
Morphology and Crystal Structure Analysis. Figure 2AÀC provides the structural details of the microspheres. When viewed by polarized optical microscopy (POM), the as-prepared microspheres show a clear Maltese-cross extinction pattern between the crossed polarizers, which suggests the existence of lamellar assemblies in a radial orientation (Figure 2A) . The microspheres are polydisperse in size, from several micrometers to ∼100 μm: most of them with sizes between 7 and 20 μm ( Figure 2B ). The magnified image in Figure 2C shows that nanoplatelets of dimensions 200À1000 nm in width orient themselves in a radial direction toward the microsphere surface. The thickness is ∼40 nm, and its distribution is monodisperse from the same image.
DL-Glu microspheres prepared by using DL-GluÀPEI solutions at pH = 0.5 show another morphology. Their sizes are between ∼2 and 10 μm, and the microspheres consist of twisted and continuous nanoplatelets ( Figure 2D ). In addition, microspheres prepared by using pH = 0.5 aqueous solutions show specific surface area as high as 17 m 2 3 g À1 , according to a BET measurement, while those prepared by using a pH = 3.6 solution show a significantly lower specific surface area of only 2.5 m 2 3 g À1 . Two methods have been applied to investigate the inner structure of the microspheres. In the first route, the microspheres were ground into small pieces. Figure 3A shows that, in the microspheres, the nanoplatelets are arranged in a radial way. This result corresponds well to the existence of Maltese-cross patterns in POM (Figure 2A) , which also suggests the radial orientation of building blocks. Microspheres were also embedded into epoxy resin to obtain microtome cuts. Figure 3B proves again that the microspheres have nanoplatelets as building blocks. The thickness of the nanoplatelets is polydisperse from 40 to 100 nm ( Figure 3B ). The polydispersity might be due to the cutting procedure, which bent the nanoplatelets. Therefore, the cutting did not go vertical to the surface with the largest surface area of nanoplatelets and enlarged the thickness of a quantity of nanoplatelets. Table s1 .
In addition to the isolated microspheres, microsphere superstructures were sometimes observed. SEM images show that the sheetlike superstructures are microsphere monolayers, where microspheres are densely packed within the monolayer along the wall of the vessel ( Figure 4A ). The superstructure could grow as large as centimeters. Some microspheres were merged together ( Figure 4A ), which suggests that the nucleation of nanoplatelets occurs after partial merging of the PILP droplets. Microspheres prepared by using a pH = 0.5 solution could also form superstructures, but as a particle aggregate rather than a monolayer. A microsphere superstructure hundreds of micrometers in diameter is composed of small microspheres ∼5 μm in size as building blocks ( Figure 4B) .
The crystal structure of as-prepared microspheres was examined with X-ray diffraction (XRD). The XRD results ( Figure 5A ) indicate that both the DL-Glu microspheres and the single crystalline sheets from a controlled precipitation experiment without PEI additive show a β-L-Glu (β-D-Glu) structure (P2 1 2 1 2 1 , a = 5.159, b = 17.30, c = 6.948, R = β = γ = 90°). 33 Therefore, the microspheres formed conglomerate structures. An orientation effect can be observed when patterns of microspheres and single crystalline sheets are compared ( Figure 5A ). The intensities of the (0 2 0) and (0 4 0) peaks in the microspheres are highly decreased. In addition, the (0 2 0) peak is broadened, and evaluation of the domain size via the Scherrer equation gives a size estimate of 20 nm. To explain these findings, it is necessary to develop a molecular understanding of the interactions between PEI and β-L-Glu. Calculation of the molecular surface structure of the (0 2 0) face of β-L-Glu by using the program Materials studio 5.5 (Accelrys) reveals that this surface can exclusively expose carboxyl groups ( Figure 5B ). The intensity decrease of the (0 2 0) peak in the XRD diffractogram, together with its simultaneous broadening for the microspheres as compared to the single crystalline sheets, is indicative of a decrease of the sample thickness in the [0 2 0] direction. This can be explained by electrostatic binding of PEI to the deprotonated carboxyl groups on this surface as well as hydrogen bonding interactions. Both interactions block the growth of crystals along this direction. On the other hand, the (0 1 1), (1 1 0), (1 0 1), and (0 0 2) peaks increase in intensity (Figure s1 ). All these faces also expose carboxyl groups-although less than the (0 2 0) facesand therefore will also electrostatically bind the positively charged PEI at pH 3.6 as well as via hydrogen bridges. This The vacuum morphologies of the nanoplatelets in the microspheres and single crystalline sheets were also calculated with the software Cerius 2 (Accelrys) (Figure s2 ). The face with the largest area in both structures is the (0 2 0) face. In addition, the (0 0 2) and (1 0 1) faces become newly exposed while the (1 1 0) and (0 1 1) faces have reduced areas in the nanoplatelets as compared to single crystalline sheets.
Investigation of Reaction Mechanism. An in situ experiment was performed to clarify the mechanism of the precipitation of DL-Glu microspheres. An important question is whether the nanoplatelets homogeneously nucleate from PILP droplets or whether they are formed in the solution phase, followed by their self-organization into microspheres. An OM image in Figure 6A indicates the existence of PILP droplets adhered onto the quartz slide after 10 min. The PILP droplets were polydisperse in size, and the larger ones were ∼20 μm in diameter. The emergence of Maltese-cross-polarization patterns was observed by POM after ∼1 h, which is indicative of crystallization to microspheres with radially orientated nanoplatelets formed within each PILP droplet.
The precipitation kinetics of the microspheres from their PILP precursor was monitored by turbidity measurements, as shown in Figure s3 . The turbidity decreased with time. The decrease between 0 and 0.5 h is due to the coalescence and growth of PILP droplets. The following fast decrease between 0.5 and 2.5 h is attributed to the precipitation of microspheres. After 4 h of reaction, the reaction mixture was nearly clear due to microsphere sedimentation. The remaining PEI was soluble in the waterÀEtOH mixture. In combination with the OM observation in Figure 6A , we could not completely separate the turbidity drop caused by the settling of PILP droplets to the bottom from that caused by those adhering to the wall.
Microspheres from Chiral Amino Acids. As DL-Glu microspheres show a conglomerate structure, the synthesis recipe was extended for the preparation of separate L-and D-Glu microspheres, which are shown in Figure 7A and B, respectively. The microspheres are between 10 and 20 μm in size, and all nanoplatelets show the same radial orientation as that seen in the DL-Glu microspheres. Therefore, L-Glu and D-Glu microspheres show identical overall spherulitic morphologies, as expected, but with variable platelet size and packing density. Furthermore, a similar procedure has been extended for the preparation of charged amino acid microspheres, such as L-His and L-Lys 3 HCl, with the oppositely charged poly(acrylic acid) as the additive (Figure 7C and D) . ' DISCUSSION Amino acids are zwitterions, and altering the pH value of their aqueous solution is an important way to change their solubilities and to produce various polymorphs and morphologies. 14, 34 Herein, the pH value is also a key parameter for controlling the interactions between DL-Glu and PEI in the DL-GluÀPEI aqueous solution. The pH values of DL-GluÀPEI aqueous solutions with water and with 0.5 M H 2 SO 4 as solvents are 3.6 and 0.5, respectively. Since the pK a values of the two carboxyl groups are 2.19 and 4.25, in the first case, one carboxyl group is protonated, while in the latter case both are protonated. PEI, on the other hand, has a pK a value of ∼10 and is fully protonated under the given conditions. Therefore, DL-Glu and PEI can interact with each other via electrostatic interactions at pH 3.6. This is no longer possible at pH 0.5; nevertheless, the microspheres still formed, which indicates some type of DL-GluÀPEI interaction. The reason for this is because of the hydrogen bonds which can still occur when in the protonated state. On the other hand, only single crystalline sheets were obtained when the pH value of the GluÀPEI aqueous solution was 13. In this case, all primary and secondary amine groups were deprotonated. Therefore, neither electrostatic interaction nor hydrogen bonding was possible between Glu and PEI.
In the precipitation reaction, the molar ratio of [DL-Glu]/[EI] is the key parameter for the preparation of microspheres. There were two precipitation reactions observed in parallel: the one via the PILP phase and the other directly from the bulk mixture. In the pH = 3.6 series, pure microspheres were prepared via the PILP route in a range of molar ratios of [DL-Glu]/[EI] between ∼2.5 and ∼5 ( Figure 2B ). When the molar ratio of [DL-Glu]/ [EI] was lower than 2.5, the driving force for precipitation was not strong because a certain amount of DL-Glu molecules could be trapped in DL-GluÀPEI complexes and kept from being precipitated. On the other hand, in the case where the molar ratio of [DL-Glu]/[EI] was higher than ∼5, not enough DL-Glu could interact with PEI, resulting in the precipitation of single crystalline sheets. Therefore, the molar ratio of [DL-Glu]/[EI] needs to be controlled precisely to ensure that all nucleation events take place within PILP droplets. In addition, using supersaturated DL-Glu aqueous solution was beneficial for the precipitation via the PILP route, resulting in a large amount of microspheres.
The PILP route changes the kinetics of DL-Glu precipitation from a single to a multistep process (Figure 8 ). Such multistep crystallization processes were theoretically predicted by Frenkel 35 and experimentally observed for protein crystals 36 and mineral crystals. 37 However, it is important to note that the liquid precursors in our phase were formed in the presence of a countercharged polymer and do not originate purely from the crystallizing component. The first step is the coalescence of PILP droplets, which takes ∼0.5 h. The subsequent crystallization of the nanoplatelets within each PILP droplet is homogeneous and fast. Most of the PEI is excluded from the microspheres and enters the bulk phase with time. 11, 38 A big benefit of the multistep precipitation via the PILP route is that the nucleation barrier is highly reduced. 35, 36, 39, 40 Finally, the nanoplatelets orient radially due to space constraints caused by their elongated structure, as well as alignment of dipoles of the dipolar amino acid. A similar dipolar driving force has been observed in the crystallization of alanine mesocrystals. 28 In this well studied case, continuous crystallization without polymeric additives resulted in mesocrystals followed by the recrystallization into single crystalline structures. In our case, the adsorption of PEI predominantly on the (0 2 0) face protected DL-Glu nanoplatelets from a recrystallization process. It has been demonstrated that the assembly of lamellar nanostructures in a radial orientation is the key for the formation of the observed Maltese-cross extinction patterns observed in many macromolecular systems, such as polymers, 41 DNA, 42 polysaccharides, 43 and proteins. 44 In our system, the Maltesecross extinction pattern weakened or even disappeared when the microspheres were air-dried. This phenomenon is similar to the weakening of the Maltese-cross extinction pattern in bovine insulin, where the pattern could not be regained upon drying and rehydration. 43 The dehydration of our microspheres suggests a permanent deformation and shrinkage of microspheres.
' CONCLUSION
Our results allow the conclusion that the precipitation of charged organic compounds bearing an opposite charge to that of a polyelectrolyte additive is a multistep crystallization process starting with a liquidÀliquid phase separation. The PILP droplets further coalesce to micrometer sized droplets until the nucleation of nanoplatelets occurs within each PILP droplet followed by a radial nanoplatelet organization. The formation of D-or L-Glu nanoplatelets is controlled by face selective adsorption of PEI, mainly by electrostatic interaction but also by hydrogen bonds at low pH. This mechanism shows that liquid Step 1 is the formation of PILP droplets and their coalescence; step 2 is the nucleation of nanoplatelets within the PILP droplets; step 3 is the radial growth and organization of the nanoplatelets. Each PILP droplet ranges from several to tens of micrometers in size. precursor phases can indeed be used to form crystals that retain the shape previously adopted by the liquid precursor, since crystallization occurs within the liquid phase. The possible extension of the recipe to the pure enantiomers suggests that the observed multistep mechanism is transferable to the precipitation of other charged organic molecules with an oppositely charged polymer additive.
' 
